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We report on the first observations of radio emission from transverse currents induced in a sec-
ondary cascade by a magnetic field in dense media. Only the Askaryan effect has been observed
in previous experiments in ice, silica sand and in rock salt. These measurements are important
because the radio detection of ultra-high energy cosmic rays (UHECRs) relies on models of radio
emission from extensive air showers. In order to validate the models we performed an experiment
at SLAC National Accelerator Laboratory in 2014 using a high density polyethylene (HDPE)
target placed in a magnetic field, yielding results within 36% of the model predictions.
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1. Introduction
Detectors utilizing air fluorescence and ground counting techniques have accumulated signifi-
cant statistics on UHECRs with energies as high as 3×1020 eV [3]. In recent years, radio detection
emerged as a viable method that can provide round-the-clock calorimetric measurements of the
energy of the UHECRs and the shower development profile, which can be used to obtain chem-
ical composition and inelastic cross-section of the primary particles. The need for an alternative
technique is dictated not only by potentially lower deployment and operating costs, but also by a
possibility to resolve discrepancies in the data obtained using traditional methods. Balloon–borne
and ground-based observatories reported successful detections of the UHECRs using radio [4]. The
radio detection technique relies on models of radio emission from extensive air showers. Newly
developed formalisms based on first principles [5, 6] treat each shower particle as an independent
radiator, summing up the emission from all particles in the cascade to obtain the signal received
by an observer. This approach does not separate different components of the emission, but for the
purpose of simplicity we discuss them separately. Askaryan radiation forms from a charge excess
built up in the shower due to pair production, positron absorption and Compton scattering, creating
a time-varying current along the shower axis [8]. Such emission has been already measured in ac-
celerator experiments [9, 10, 11]. The Lorentz force also acts on charges in the shower, generating
a time-variable transverse current, the Hall current, and subsequent radiation. In case of an exten-
sive air shower induced by an UHECR particle, this radiation will be correlated with the Earth’s
magnetic field and can be called geomagnetic radiation. The SLAC T-510 experiment is designed
to validate the new formalisms based on first principles by conducting measurements of the radio
frequency emission from secondary cascades in a controlled laboratory environment.
2. Experimental setup
The experiment, SLAC T-510, was performed inside End Station A building at SLAC National
Accelerator Laboratory in January–February, 2014. A 1500 kg HDPE target was constructed from
2”×4”×12” rectangular bricks of pure polyethylene with an index of refraction of 1.53. The target
is 396 cm long by 60 cm wide by 97 cm tall at the highest point. Simulations show that the target
contains almost all the shower particles. The upper layer bricks are shaped to create a slope of ∼
9.8◦ in the forward direction to form a trapezoidal side cross-section. The purpose of the slope is to
avoid internal reflection of the emerging radiation at the target boundary. The electron beam enters
the target 12 cm above the floor through a 1.2 cm thick lead plate. The lead provides pre-radiation
that allows us to reduce the overall length of the target. The shower maximum, Xmax, occurs∼90 cm
into the target. The showers are induced in the target by 4.35 GeV and 4.55 GeV electron bunches
with 131±3 pC mean charge measured at the target, which corresponds to a∼ 4×1018 eV primary
cosmic particle energy. The beam current is measured by an integrated charge transformer placed
between the beam pipe exit and the target entrance. The systematic uncertainty in the beam charge
was obtained by making a series of successive measurements at different places along the beam
and does not exceed 3%. Fig. 1 shows the schematics of the experiment and the target layout.
A vertical magnetic field is formed by 15 water cooled coils aligned along the beam axis each
carrying up to ∼800 A current of reversible polarity. This allows us to create a mostly vertical
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Figure 1: T-510 experiment schematics with target details.
magnetic field of up to 970 G at the beam height around the shower maximum. In order to create
a more uniform magnetic field, the coils are assembled in two staggered layers on a 4” thick steel
plate. We measured the magnetic field in a 5×5 cm grid at the beam height across the whole target
area. The variation on the magnetic field does not exceed 15% along the beam line inside the target
at the beam height. We estimate the B-field uncertainty to be 5.7% at every measured location.
In order to suppress reflections, the target floor is lined with an RF absorbing blanket and several
pieces of ANW-79 absorber are placed at both sides of the target around the shower maximum and
at the exit surface of the target. The signal is received by quad-ridged horns borrowed from the
ANITA experiment, bicone or log-periodic dipole antennas (LPDAs), see Fig. 2. In three separate
Figure 2: UHF, VHF (bicone) antennas and HDPE target.
measurements four linearly polarized 200–1200 MHz horn antennas sensitive to both polarizations
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were mounted in a vertical line to probe the shape of the wave front, two linearly polarized bicone
antennas sensitive to 50–300 MHz were mounted vertically ∼2 m apart and two high frequency
LPDA antennas mounted in the same fashion as the bicone antennas cover the frequency range up
to 3 GHz. The antennas are hung from a crane so they can be moved in all directions The majority
of the data taking consists of moving the antennas vertically to sample a slice of the expected
Cˇerenkov cone about 13 m away from the beginning of the target, and at heights varying from 0 to
12 m above the beam axis. The DAQ system is triggered by an S-Band horn antenna placed near
the exit of the beam pipe to register transition radiation (TR). The TR signal also provides the shot-
to-shot charge calibration. Waveforms from the UHF horns are recorded on 2.0 GHz oscilloscopes,
sampled at 5 GSa/s, while the waveforms from the VHF antennas, LPDAs, and S-band horn are
recorded at 10 GSa/s on 3 GHz oscilloscopes. We only report the measurements done with the
UHF horn antennas in this paper. The electric field at the face of the antennas is reconstructed by
deconvolving the signal with the frequency-dependent effective height of the quad-ridge horns and
the cable loss according to the equation V = he f f E. The change in impedance from free space to
a 50 Ω system is accounted for in the effective antenna height. The antenna cross-talk is removed
for the horizontally polarized component by averaging the waveforms with opposite polarity in the
current flowing through the magnetic coils. The details about the experimental setup and the data
processing can be found in [1].
3. Radio emission models
The simulations of the T-510 experiment are performed using GEANT4 code [12] altered to
include emission from each charged-particle track. The electric field was simulated on a grid nor-
mal to the incident electron beam 13 m from the target entrance. The simulations for the experiment
are performed in two stages. The preliminary stage was done before the experiment to determine
the optimal experimental set up, including the choice of the target material, required magnetic field
strength and the expected signal. The nominal parameters of the beam such as the energy of the
primary particles and the beam charge were used at this stage. The radio emission is implemented
following Ref. [6]. The second stage of simulations is done after the experiment using the actual
beam parameters, measured magnetic field and the actual experimental set up inside the End Sta-
tion A building. Refraction and demagnification effects at the target surface as well as transition
radiation are also taken into account at the final stage. In addition to the previously mentioned
formalism, the radio emission is also modeled using Ref. [5] during the final stage. The simula-
tions are performed using a smaller number of electrons per bunch and the results are scaled up to
the beam charge. The simulations are described in details in Ref. [2]. The systematic uncertainty
between the models does not exceed 3% in the peak-to-peak amplitudes or in the frequency spec-
tra in the 30–1400 MHz range. Fig. 3 shows the expected magnitude of the electric field, “radio
footprint” if a 970 G vertically oriented magnetic field is applied. The pattern is formed due to
coherence of the emission from the individual particles of the cascade at the Cˇerenkov angle. In
the presence of a magnetic field the Askaryan effect manifests an asymmetry in the Cˇerenkov ring.
Due to a ∼20% charge imbalance, the whole shower is deflected to one side in the magnetic field,
changing the relativistic timing and causing the observed asymmetry. A detailed analysis of the
peak-to-peak voltages on different sides of the Cˇerenkov ring shows that the effect is reproduced
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Figure 3: The magnitude of the electric field in a grid 13 m from the entrance of the beam on target.
Simulated at 970 G magnetic field around Xmax, 131 pC charge, 4.35 GeV energy.
very well by our models. The elliptical form of the Cˇerenkov ring is caused by refraction at the
upper flat tapered surface of the target. The ring is cut off on both sides due to the fixed target di-
mensions. The internal reflections from the target walls as well as the reflections from the structure
inside the End Station A building are very difficult to account for and are left out for these simu-
lations. The reflections inside the target ended up being the largest contributor to the systematic
uncertainty.
4. Results
In the absence of the magnetic field in the target, SLAC T-510 experiment was able to ob-
serve the Askaryan signal confirming observations by previous experiments [9, 10, 11]. Askaryan
emission is inherently radially polarized, and it appeared as a vertically polarized signal on top of
the Cˇerenkov cone where the measurements were done. The introduction of the vertical magnetic
field in the target results in the induction of Hall currents in the cascade. As a result, a horizontal
component of the electric field is added to the vertically polarized Askaryan component, effec-
tively rotating the polarization vector. As predicted by the models, the magnitude of the horizontal
component depends linearly on the magnetic field strength, see left plot in Fig. 4. It is also not
surprising that the Askaryan and “magnetic” signal scales linearly with the beam charge, which is
shown in the right plot in Fig. 4. Fig. 5 illustrates that signal polarity flips with the reversal of the
magnetic field direction. A scan in the vertical direction across the top of the Cˇerenkov cone is
shown in Fig. 6 and shows very good agreement between the models and the measured “magnetic”
signal in three separate frequency bands. The narrowing of the cone at higher frequencies, which
is seen in the plots in Fig. 6, confirms the coherent emission model. While the response of the
horn antennas goes down to 200 MHz, we only use the frequencies above 300 MHz to exclude the
region where the antenna calibration is more uncertain.
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Figure 4: The electric field peak amplitude (left) and intensity (right) at the top of the Cˇerenkov cone for the
vertically polarized (black, squares solid) and horizontally polarized channels (scaled by 3 left; by 9 right)
for different magnetic fields.
5. Discussion
SLAC T-510 confirmed the Askaryan radiation for particle cascades in dense media that was
reported by previous experiments [9, 10, 11] and also confirmed that the emission scales linearly
with the beam charge. We observed the expected emission component due to transverse electric
currents induced in the target by cascade particle deflection in an applied magnetic field and found
that this magnetic component scales linearly with field strength in agreement with models. As pre-
dicted by the models, the polarity of the emission signal reverses with the change of the magnetic
field polarity, confirming the time-varying Hall current nature of the magnetic emission compo-
nent. The magnetic current induction manifests itself as the polarization vector rotation of the total
emission from the shower. The absolute amplitude of the measured electric field agrees with mod-
els to within 36% with the largest systematic uncertainty coming from reflections in the target. The
reflections show up as a delayed signal, altering the pulse shape and frequency content. Because
filtering the reflections out by windowing the signal would introduce a bias in the power spectrum,
we decided to include the reflections in the systematic error instead and leave the improvements
for future work. The frequency dependence of the Cˇerenkov cone shape is also measured and is in
very good agreement with the models. A slight asymmetry of the observed Cˇerenkov cone may be
due to diffraction effects in the target that are seen at different angles at the top and at the bottom
within the measurement range as well as due to the reflections, as they exhibit a delay rate. These
effects are also difficult to model and they are left out of this discussion. By validating the models
of radio emission from extensive air showers, the SLAC T-510 experiment provides a framework
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Figure 5: Impulse dependence on magnetic field and polarity. Simulated: magenta – 250 G, green – 500 G,
yellow – 750 G, red – 970 G. Data: black. DC offset added to visually separate the impulses.
Figure 6: Radio emission beam patterns for magnetic emission as measured in a vertical slice aligned with
the beam in three frequency ranges.
for measuring the energy UHECRs using radio technique.
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